Invasive pulmonary aspergillosis is acquired through inhalation of conidia. Little is known about early interactions between Aspergillus fumigatus conidia and alveolar epithelial cells, so an in vitro model was developed to study binding between conidia and A549 cells, a line of type II pneumocytes. Conidia rapidly became attached to confluent monolayers of A549 cells in serum-free medium, reaching a plateau within 40 min. Scanning electron microscopy (EM) showed a random pattern of early adherence; viable conidia subsequently became clustered on pneumocyte surfaces. Following germination of pneumocyte-adherent conidia for 12 h, direct penetration of epithelial cells by hyphae could be demonstrated by scanning and transmission EM. These data suggest that an early event following inhalation of A. fumigatus conidia may be binding of conidia to pneumocytes, followed by hyphal penetration of the epithelial cell layer.
Invasive pulmonary aspergillosis is acquired through inhalation of conidia. Little is known about early interactions between Aspergillus fumigatus conidia and alveolar epithelial cells, so an in vitro model was developed to study binding between conidia and A549 cells, a line of type II pneumocytes. Conidia rapidly became attached to confluent monolayers of A549 cells in serum-free medium, reaching a plateau within 40 min. Scanning electron microscopy (EM) showed a random pattern of early adherence; viable conidia subsequently became clustered on pneumocyte surfaces. Following germination of pneumocyte-adherent conidia for 12 h, direct penetration of epithelial cells by hyphae could be demonstrated by scanning and transmission EM. These data suggest that an early event following inhalation of A. fumigatus conidia may be binding of conidia to pneumocytes, followed by hyphal penetration of the epithelial cell layer.
Aspergillus fumigatus is an opportunistic fungus that causes severe infections in immunocompromised hosts, especially those with prolonged neutropenia or chronic granulomatous disease [1, 2] . Invasive aspergillosis is characterized by vascular invasion, thrombosis, and tissue infarction, often with lethal consequences. Host defenses against invasive aspergillosis have been extensively investigated; for example, evidence from animal models shows that pulmonary alveolar macrophages are conidiacidal, and those effector cells constitute a major component of early host defense [3, 4] . However, a number of conidia may escape alveolar macrophages following inhalation of a large inoculum. If polymorphonuclear neutrophils and monocytes are expeditiously recruited to bronchoalveolar and peribronchial spaces, they probably arrest the disease because those peripheral blood phagocytes exert fungicidal activity against conidia and damage hyphae [5 -1 0] .
Although there is a substantial amount of information concerning host defenses, there are few data concerning mechanisms by which Aspergillus conidia attach to lung tissue. Subsequent fungal invasion is likely to require penetration of intact alveolar lining, followed by tissue injury, mediated directly by the organism and its products, and perhaps also by host re-sponses. To assess conidial attachment, we developed a tissue culture model of alveolar surfaces, using A549 pneumocytes. Those cultured cells are derived from a human alveolar cell carcinoma and possess metabolic and morphologic characteristics similar to type II alveolar epithelial cells, retaining those features during serial passage in tissue culture [11] . Confluent monolayers of A549 cells were used to study kinetics of conidial binding to pneumocyte surfaces, using both light microscopy and a quantitative 125I-labeled conidial binding assay. In addition, binding and subsequent germination of conidia on A549 monolayers were studied by transmission and scanning electron microscopy (TEM, SEM).
Materials and Methods

Preparation and Radiolabeling of Conidia
A clinical isolate ofA. fumigatus (B4132) was grown on Sabouraud dextrose agar for 10 days (Emmons modification; Becton Dickinson, Cockeysville, MD). Conidia were harvested in cold PBS, filtered through eight layers of sterile cheesecloth to remove mycelial fragments, washed three times, and resuspended to appropriate concentrations in media as noted below. For radiolabeled conidial binding assays, 10 9 conidia were labeled with 125 1 (0.5 mCi; Amersham, Arlington Heights, IL) using N-chloro-benzenesulfonamide-coated polystyrene beads according to the manufacturer's directions (Iodobeads; Pierce Chemical, Rockford, IL). Unbound 125 1 was removed from the final preparation by washing conidia three times with cold PBS; specific activity ranged from 5 X 10 6 to 5 X 10 7 cpm/10 9 conidia.
A549 Pneumocyte Cultures
A549 pneumocytes were obtained from American Type Tissue Culture Collection (Rockville, MD). Pneumocytes were grown at 37°C and 5% CO 2 and serially passaged in Earl's MEM (EMEM) containing 10% fetal bovine serum (FBS), penicillin (100 U/mL), streptomycin (100 j.tglmL), and L-glutamine (2 j.tM; GIBCO Laboratories, Grand Island, NY). SEM, fragments of tissue culture plates were dehydrated through a series of increasing ethanol concentrations (up to 100%), followed by critical point drying. Fragments were mounted on specimen stubs, sputter-coated with gold-palladium (60:40), and observed with an SEM-50l scanning electron microscope (Philips Electronic Instruments, Mahwah, NJ). For TEM, samples were postfixed in 1% osmium tetroxide, dehydrated in ethanol, scraped from the plate, and embedded in epoxy resin. Thin sections were cut, mounted on copper grids, and stained with lead citrate and uranyl acetate. Grids were examined with a TEM 400 microscope (Philips).
For conidial germination studies, washed A549 monolayers were overlaid with 5 X 10 4 conidia and incubated at 37°C and 5% CO 2 for 12 h. The low conidial input for those prolonged incubations (conidia-to-pneumocyte ratio = 1:2) was chosen after preliminary experiments showed that higher conidial inputs produced Radiolabeled conidial binding assay. A549 pneumocytes were plated in quadruplicate on sterile 12-mm glass coverslips in 24-well tissue culture plates (10 5 cells/well in 1 mL of EMEM, 10% FBS, L-glutamine, and antibiotics [EMEM-FBS]) and grown to confluence. Wells were washed four times with EMEM and overlaid with 10 6 radiolabeled conidia in EMEM (22,000 cpm; conidiato-pneumocyte ratio = 10:1); mixtures were incubated at 37°C
and 5% CO 2 . After timed intervals, wells were washed four times with PBS, coverslips removed, and adherent radioactivity counted with a gamma counter (Packard Instruments Company, Downer's Grove, IL). Coverslips lacking A549 cells served as controls for nonspecific binding. Light microscopy. To validate the radioactive binding assay, conidial attachment was assessed by light microscopy. In those experiments, a dispersion of evenly distributed cells with intervening cell-free areas was prepared by adhering a lower number of A549 cells (5 X 10 4 ) to 35-mm tissue culture plates overnight in EMEM-FBS. Adherent cells were washed four times with EMEM, and conidia were added to produce conidia-to-pneumocyte ratios of 10:1 or 25:1 (5 X 10 5 or 1.25 X 10 6 conidia in 1 mL). Following incubation for timed intervals, unbound conidia were removed by washing four times with cold PBS, plates were stained with Wright-Giemsa stain, and attachment indices were calculated for 200 randomly visualized pneumocytes by counting the percentage ofpneumocytes having at least one attached conidium and calculating the mean number of attached conidia per pneumocyte. Binding of heat-killed conidia (lOO°C, 1 h) was examined in parallel with that of viable conidia.
Electron microscopy. For SEM and TEM conidial attachment studies, 10 5 pneumocytes were plated onto 35-mm tissue culture plates and grown to confluence for 24-48 h. After four washes with EMEM, monolayers were overlaid with 10 5 conidia and incubated for 30 min to 4 h. Binding of heat-killed conidia was examined in parallel with that of viable conidia. Following extensive washing, cells were fixed with 2.5% glutaraldehyde in PBS. For Figure 1 . Binding of 125I-labeled conidia to confluent pneumocyte monolayers (A) or control glass coverslips (G) at timed intervals (input 22,000 cpm; conidia-to-pneumocyte ratio = 10: I). Results are from I representative experiment of 7; data represent mean ± SE for quadruplicate samples.
Conidial Attachment Studies
morphologic damage to pneumocytes (not shown). After fixation, plates were prepared for rEM or SEM as above.
Results
Conidial Attachment Studies
Radiolabeled conidial binding assay and light microscopy. Radiolabeled A. fumigatus conidia rapidly became attached to confluent monolayers of A549 cells, reaching a plateau within 2 h ( figure 1) . Virtually all of the attachment appeared to be specific, because control glass coverslips that lacked pneumocytes had very little associated radioactivity « 1000 cpm).
Control experiments using light microscopy confirmed that binding of radiolabe1ed conidia to pneumocytes was quantitatively identical to that of unlabeled conidia (not shown).
When attachment kinetics were assessed by light microscopy, binding was optimal at a conidia-to-pneumocyte ratio of 25: 1, and attachment plateaued at 40 min (figure 2). Many pneumocytes possessed > 1 attached conidium, and organisms attached preferentially to pneumocytes rather than to cell-free interstitial areas (not shown). Identical results were obtained with heat-killed conidia. Latex beads (3.2 f-Lm diameter; Sigma, 81. Louis) served as negative controls «10% of pneumocytes possessed attached beads; bead-to-pneumocyte ratio = 25:1).
Early conidial attachment, electron microscopy. 8EM studies confirmed that binding of conidia to pneumocytes was rapid, with significant attachment occurring after as little as 30 min ( figure 3A) . At that early time point, the pattern of attachment was random, with uniform distribution of conidia over cell surfaces. At later time points, viable conidia appeared to cluster on pneumocyte surfaces (figure 3B), whereas heat-killed conidia remained in a random distribution (not shown). In addition, pneumocytes with viable conidia began to detach from culture plates within 4 h ( figure 3C ), whereas conidia-free control pneumocytes remained adherent (not shown).
TEM studies confirmed that the majority of conidia were pneumocyte-associated at 1 h (figure 4A), and intracellular conidia were also occasionally observed at the 1-h time point (5 intracellular conidia/200 pneumocytes, figure 4B ).
Conidial Germination Studies
To study interactions between fungi and pneumocytes during fungal germination, the conidia-A549 cell incubation period was extended to 12 h, with a low conidial input to avoid pneu- mocyte damage (conidia-to-pneumocyte ratio = 1:2). SEM suggested hyphal penetration of A549 cells, but the pneumocytes continued to appear otherwise morphologically intact (figure 5). TEM cross-sectional analysis also suggested that hyphal penetration had occurred (figure 6). Intracellular hyphae showed no evidence of ultrastructural damage.
Discussion
In vivo, A. fumigatus conidia that evade early host defenses, such as mucociliary clearance and macrophage-mediated fungicidal activity, must breach alveolar barriers before invading lung tissue. That initial penetration could potentially be accomplished by a number of different mechanisms. One possibility would be that Aspergillus proteases [12] [13] [14] [15] [16] [17] might digest intercellular tight junctions in a manner similar to that ofPseudomo- nas elastase [18] ; alternatively, hyphae might directly penetrate pneumocyte membranes. Our electron microscopic studies demonstrated intracellular conidia, suggesting phagocytic uptake as well as direct hyphal penetration of pneumocyte membranes.
Light microscopy revealed that conidia rapidly became bound to A549 pneumocytes; the percentage of pneumocytes Figure 6 . A. fumigatus mycelium penetrating pneumocyte at 12 h on cross-sectional view by transmission electron microscopy (X 1950). Arrows = mycelial elements; arrowheads = A549 pneumocytes.
possessing at least I attached conidium plateaued within 40 min. High conidial inputs produced cell injury, seen as rounding and detachment of cells from plastic surfaces. Secreted Aspergillus proteases or phospholipases (or both) [12] [13] [14] [15] [16] [17] 19] would be logical candidates to mediate damage to the epithelial cell monolayer. Eventual clustering of viable but not heat-killed conidia within 4 h suggested that the clustering was dependent on fungal metabolic activity, perhaps due to hydrophobic interactions. Studies with sparsely distributed A549 cells clearly showed that conidia became preferentially bound to pneumocytes and not to cell-free interstices.
We have recently found that radiolabeled conidia become bound to the reagent lactosy1ceramide and to two different pneumocyte membrane glycolipids, one possessing a migration distance identical to that oflactosylceramide (not shown). Thus, an early event following inhalation of A. fumigatus conidia may be glycosphingolipid-mediated attachment to pneumocytes. Jimenez-Lucho et al. [20] were able to demonstrate a dominant role for lactosy1ceramide in binding of yeast-like fungi to glioma cells, but in other glycosphingolipid systems (e.g., the tissue tropism of parvovirus BI9), receptor-ligand relationships have recently proven to be more complicated in nature [21] . Further studies will be required to define the receptor-ligand relationships between Aspergillus conidia and type II· pneumocytes.
Experiments that used low conidial inputs were designed to mimic the in vivo situation, where one would expect to find at most only a few inhaled conidia per alveolus. Those studies showed retention of normal pneumocyte morphology during conidial attachment and germination. Even during penetration by elongating hyphae, morphologic integrity of invaded pneumocytes appeared to be preserved, as judged by SEM and TEM.
Thus, in these studies, A. fumigatus conidia became rapidly attached to pneumocyte surfaces. Pneumocytes and their associated surfactant were readily penetrated by hyphae in our in vitro model system. Further studies are now needed to define mechanisms of hyphal invasion into type II pneumocytes.
